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Abstract: Anions are important hydrogen bond acceptors in a range of biological, chemical, environmental and medical molecular recognition processes. These interactions have been exploited for the
design and synthesis of ditopic resorcinarenes as the hydrogen bond strength can be tuned through
the modification of the substituent at the 2-position. However, many potentially useful compounds,
especially those incorporating electron-withdrawing functionalities, have not been prepared due to
the challenge of their synthesis: their incorporation slows resorcinarene formation that is accessed
by electrophilic aromatic substitution. As part of our broader campaign to employ resorcinarenes
as selective recognition elements, we need access to these specialized materials. In this article, we
report a straightforward synthetic pathway for obtaining a 2-(carboxymethyl)-resorcinarene, and
resorcinarene esters in general. We discuss the unusual conformation it adopts and propose that
this arises from the electron-withdrawing nature of the ester substituents that renders them better
hydrogen bond acceptors than the phenols, ensuring that each of them acts as a donor only. Density
Functional Theory (DFT) calculations show that this conformation arises as a consequence of the
unusual configurational isomerism of this compound and interruption of the archetypal hydrogen
bonding by the ester functionality.
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1. Introduction
Resorcinarenes are (usually) bowl-shaped macrocyclic compounds stabilized by a
circular network of intramolecular O···H−O hydrogen bonds [1,2]. These compounds
represent a unique family of host compounds which have been extensively studied in
supramolecular host–guest chemistry because they display several sites for non-covalent
interactions, excellent pKa tunability and an electron-rich bowl-shaped cavity in the C4v
symmetric conformation, among a myriad of other interesting properties [2–4]. Their cavities can accommodate a wide range of guest molecules through non-covalent interactions
including (but not limited to) hydrogen bonding, halogen bonding, cation···π, C−H···π
as well as π···π interactions depending on both the size and charge distribution of the
respective guest molecules and the functionalization of the resorcinarene.4 In addition to
their structural role enforcing the upper rim of the macrocycle, the hydroxyl groups at the
1 and 3 positions on the aromatic subunits can participate extensively in hydrogen bonding
with hydrogen bond-accepting guest molecules [5–9]. As a direct result of these hydrogen bonded supramolecular networks, resorcinarenes have been extensively exploited as
appropriate hosts to accommodate a myriad of guests ranging from alcohols [10–14] to sugars [15–18], steroids [19–21] and even heterocyclic five- and six-membered ring compounds
as guest molecules [22–26].
On resorcinarenes themselves, reaction at C2 (see Figure 1 for numbering) is selective
over C4 and C6 positions, as these are blocked by the lower rim linkages of the resorcinarene

Symmetry 2021, 13, 627. https://doi.org/10.3390/sym13040627

https://www.mdpi.com/journal/symmetry

Symmetry 2021, 13, 627

On resorcinarenes themselves, reaction at C2 (see Figure 1 for numbering) i
2 of 8 of the
over C4 and C6 positions, as these are blocked by the lower rim linkages
rene ring. The hydrogen bonded network of hydroxyl groups enhances the aci
phenol while increasing π-basicity inside the cavity [27]. Attenuation or cleav
ring. The hydrogen bonded network of hydroxyl groups enhances the acidity of the phenol
O−Hwhile
bonds,
exo to
the upper
by bases
results inor increased
electron
increasing
π-basicity
inside rim,
the cavity
[27]. Attenuation
cleavage of the
O−H dens
bonds,effectively
exo to the upper
rim, by bases results
in increasedbonding
electron density
on the oxygen,
oxygen,
strengthening
the hydrogen
[26,28–30].
effectively strengthening the hydrogen bonding [26,28–30].

Figure 1. A generic resorcinarene illustrating the numbering convention.
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was readily obtainable via a slow Fischer esterification of commercially available 2,6-dihydroxybenzoic acid using sulfuric acid in methanol. Following removal of the solvent in
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Scheme 1. Synthesis of the resorcin[4]arene from 2,6-dihydroxybenzoic
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sufficient quality for X-ray analysis.
Crystals suitable for single-crystal X-ray diffraction could be obtained from the white
powder by slow evaporation of a chloroform solution (Figure 3). The crystal structure of
the obtained compound revealed two unusual features. Firstly, the configuration of the
isobutyl groups around the lower rim of the resorcinarene is reminiscent of C2 symmetry
(this can be seen in the 2D representation in Figure 4a), in contrast to the more commonly
observed C4v isomer. Secondly, in the majority of resorcinarene crystal structures, the
observed conformation is the archetypal bowl shape. This crystal instead exhibited a
“chair” conformer with a pseudo-C2 rotation axis where two of the resorcinol subunits
(2 and 4, see Figure 2 inset for numbering) are coplanar with one another, while the
other two (1 and 3) sit orthogonal to the plane and antiperiplanar to one another. This
result also clearly contextualizes the doubling of the resonances in the NMR spectra: this
conformation is not an artifact of crystallization but appears to persist in solution and not
rapidly interconvert or “flip” the pseudochair, in which case we would observe a single set
of peaks as the average of the two chemical environments. The 1 H NMR spectrum can now
be understood in terms of this conformational preference, where the two 6H singlets at
4.10 and 3.98 ppm correspond to the methyl esters in two different environments, with the
two 2H singlets at 7.24 and 6.46 ppm corresponding to the two aryl C−H environments.
We were particularly surprised by the chemical shift of the singlet at 6.46 pm, which is
unusually shielded for an aromatic C−H bond para to an electron-withdrawing group;
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in the methyl 2,6-dihydroxybenzoate starting material, the peak for the para C−H is at
7.30 ppm. After careful consideration of the crystal structure, we noticed the close proximity
of the C5 atoms of aromatic rings 1 and 3 to the Ar C−H hydrogens of rings 2 and 4; we
thus propose that the ring currents of the 1 and 3 π-systems shield the ring 2 and 4 C−Hs.
Another unusual feature of the 1 H NMR spectrum is a peak at 4.78 ppm split into a doublet
of doublets. This is curious as the dibenzylic protons are expected to split into a triplet
by the CH2 of the isobutyl group. We hypothesize that the isobutyl groups were unable
Symmetry 2021, 13, x FOR PEER REVIEW
4 of 8
to rotate significantly in this conformation and, because of this, the adjacent methylene
protons are in fact magnetically nonequivalent, leading to the observed doublet of doublets.

1 1 NMR spectrum in CDCl3 showing the features of the C2 configuration in solution. Inset zoom shows converFigure 2.
Figure
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6.
gence of dd peak
triplet
in the VT
experiment
from 25
°C to
in DMSO-d
◦ C °C,
◦ C, in DMSO-d
convergence
of ddtopeak
to triplet
in the
VT experiment
from
25125
to 125
6.

Crystals
suitable
for single-crystal
coulda be
obtained from the white
To further
investigate
the solutionX-ray
phasediffraction
conformation,
variable-temperature
(VT)
powder
by
slow
evaporation
of
a
chloroform
solution
(Figure
3).
crystaltostructure
of
NMR experiment was performed. The high-temperature NMR wasThe
necessary
determine
the
obtained
compound
revealed
unusual features.
Firstly,
the configuration
the
whether
this species
would,
in fact,two
interconvert
to the bowl
conformation
if enoughofheat
isobutyl
groups
the lower
rim of the“flips”
resorcinarene
is reminiscent
of C2an
symmetry
was applied,
or around
if the chair
conformation
fast enough
so that only
average
(this
can
seen in the
representation
in Figure
4a), in contrast
signal
is be
recorded.
The2D
experiment
was done
in increments
of 25to◦ Cthe
upmore
to a commonly
maximum
◦
isomer.
Secondly,
the majority
of resorcinarene
structures,
the obobserved
C4v of
temperature
150 C,
at whichinpoint
substantial
decompositioncrystal
was observed;
however,
◦ C, there was
served
conformation
is the
shape.
This
crystal
instead
exhibited
a “chair”
up to 125
noarchetypal
change inbowl
the two
ester
methyl
peaks
at 4.10
and 3.98
ppm,
suggesting with
that the
conformation
of the
remains
in the pseudochair
conformer
a pseudo-C
2 rotation
axisring
where
two offixed
the resorcinol
subunitsconformation,
(2 and 4, see
where rings
andnumbering)
3 are relatedare
bycoplanar
a C2 rotation
(throughwhile
the C2/C5
atoms
Figure
2 inset1 for
with axis
one another,
the other
twoof(1rings
and
2 and
4) and 2 and
areplane
related
byantiperiplanar
a mirror planetothat
rings
3. also
Unlike
the
3)
sit orthogonal
to 4the
and
onebisects
another.
This1 and
result
clearly
methyl ester peaks,
there wasofathe
change
observed
dibenzylic
4.78 ppm (see
contextualizes
the doubling
resonances
in in
thethe
NMR
spectra:peak
this at
conformation
is
Figure
2, inset);ofatcrystallization
125 ◦ C, the doublet
of doublets
had converged
a triplet,
suggesting
not
an artifact
but appears
to persist
in solutionto
and
not rapidly
interthe isobutyl
groups
were able toinrotate
fast
enough
for an
averaged
coupling
convert
or “flip”
the pseudochair,
which
case
we would
observe
a single
set of constant
peaks as
1
to
be
observed
on
the
NMR
timescale.
We
are
currently
developing
a
model
the average of the two chemical environments. The H NMR spectrum can nowto
beexplain
underthis unusual
conformation
and stereoisomeric
product,
also
stood
in terms
of this conformational
preference,
whereand
theare
two
6Hpreparing
singlets atadditional
4.10 and
3.98 ppm correspond to the methyl esters in two different environments, with the two 2H
singlets at 7.24 and 6.46 ppm corresponding to the two aryl C−H environments. We were
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mation, where rings 1 and 3 are related by a C2 rotation axis (through the C2/C5 atoms of
rings 2 and 4) and 2 and 4 are related by a mirror plane that bisects rings 1 and 3. Unlike
the methyl ester peaks, there was a change observed in the dibenzylic peak at 4.78 ppm
(see Figure 2, inset); at 125 °C, the doublet of doublets had converged to a triplet, suggesting the isobutyl groups were able to rotate fast enough for an averaged coupling constant
5 of 8
to be observed on the NMR timescale. We are currently developing a model to explain
this unusual conformation and stereoisomeric product, and are also preparing additional
electron-poor members that might show similar behavior. However, we speculate that
electron-poor members that might show similar behavior. However, we speculate that
without the phenols working together to form the hydrogen bond network and template
without the phenols working together to form the hydrogen bond network and template
the forming resorcinarene, the typical C4v conformation might not be favored.
the forming resorcinarene, the typical C4v conformation might not be favored.
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with our VT NMR data, where only signals corresponding to the pseudochair ring conformation were observed until the material decomposed at 150 °C. This large preference has
two possible contributing factors: first, the ester functional groups are Lewis basic and
therefore have the ability to act as hydrogen bond acceptors to the phenolic hydrogen
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To investigate the unusual conformational preference of the resorcinarenes, DFT calculations were performed at the ωB97XD/6-311G(d,p) level of theory in the gas phase and
using the polarized continuum solvation model (PCM) to consider solvent effects. Geometric optimizations of the “chair” conformation and a theoretical “bowl” geometry were
performed. The initial geometry for the “chair” conformer was obtained from the solidstate molecular structure, whereas the “bowl” conformer was based on the solid-state molecular structure of known resorcinarenes. The energies and structures of the solvent-corrected optimized conformations are provided in Figure 4a; the optimized structures (as
mol2 files), gas phase energies and all thermodynamic parameters can be found in the
Supporting Information. These calculations showed that the classic resorcinarene bowl
conformation was disfavored by 18.1 kcal/mol using the solvent correction (15.1 kcal/mol
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solid-state molecular structure, whereas the “bowl” conformer was based on the solid-state
molecular structure of known resorcinarenes. The energies and structures of the solventcorrected optimized conformations are provided in Figure 4a; the optimized structures
(as mol2 files), gas phase energies and all thermodynamic parameters can be found in the
Supplementary Information. These calculations showed that the classic resorcinarene bowl
conformation was disfavored by 18.1 kcal/mol using the solvent correction (15.1 kcal/mol
in the gas phase), an enormous preference for the observed conformer. This is consistent
with our VT NMR data, where only signals corresponding to the pseudochair ring conformation were observed until the material decomposed at 150 ◦ C. This large preference
has two possible contributing factors: first, the ester functional groups are Lewis basic
and therefore have the ability to act as hydrogen bond acceptors to the phenolic hydrogen
bond donors when coplanar to the benzene ring. Second, most resorcinarenes are found as
the C4v configurational isomer; the steric hinderance of the isobutyl groups in the isomer
obtained in this case may also impact the conformational preference of the macrocycle.
To investigate the impact of these factors, chair and bowl structures of a C4v resorcinarene were also calculated (Figure 4b). The chair conformer is still preferred in the
solvated structures, although the preference is much reduced compared to the C2 isomer
(0.9 kcal/mol using the chloroform solvent correction). Surprisingly, the C4v bowl is slightly
favored (by 1.6 kcal/mol) in the gas phase calculations. These energy differences are so
small as to be considered within the error of DFT methods, and we conclude that for the
C4v isomer there is no preference between the two conformations. This shows that the
configuration at the carbons bridging the resorcinol subunits can have a significant effect on
the conformational preference of the macrocycle; the steric effects of the C4v configuration
thus work to reinforce the upper rim, whereas in the C2 configuration, the steric effects
work to pull it apart. The upper rim of a resorcinarene bowl comprises a hydrogen bond
network; we see here that this is interrupted by the presence of the esters as hydrogen bond
acceptors. The esters in the crystal structure are all coplanar with the benzene rings; this
maximizes the delocalization of electron density from the electron-rich ring into the carbonyl of the ester, which enhances its Lewis basicity. This likely has a synergistic effect with
the hydrogen bond donor phenols, which will hold the ester coplanar. We can therefore
conclude that the ester acting as a hydrogen bond acceptor has the most significant effect
upon the conformational preference of this macrocycle. Investigations into the generality
of this phenomenon are underway in our laboratory.
3. Conclusions
We have successfully synthesized a novel 2-methyl ester resorcin[4]arene under simple
acid-catalyzed conditions, if in poor yield, and the structure and solid-state conformation
were determined by single crystal X-ray diffraction and NMR spectra. Computational
investigations of this system revealed a significant preference for the observed pseudochair
conformation and shed light upon the interplay of configurational and hydrogen bonding
effects that are in operation in resorcinarene structures. Our studies in this area will further
investigate the conformational preference of this and related systems, and methods to
rationalize and control this aspect of supramolecular architecture will be developed.
Supplementary Materials: The followings are available online at https://www.mdpi.com/article/
10.3390/sym13040627/s1, The structure of 2-(methylcarboxyl)resorcin[4]arene has been deposited in
the Cambridge Crystallographic Databank (#2070167). The geometry-optimized structures (as mol2
files), complete methods and materials are found in the accompanying Supplementary Information.
Author Contributions: Conceptualization, J.F.T.; Funding acquisition, J.F.T.; Investigation, M.R.R.,
J.J.H.; Methodology, M.R.R., J.J.H., F.S.P.; Visualization and crystal analysis, F.S.P.; Project administration, J.F.T.; Supervision, J.F.T., J.J.H.; Writing original draft, M.R.R.; Writing—review and editing, all
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